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6
On a possible Kondo effect in
LaAlO3/Eu1-xLaxTiO3/SrTiO3

heterostructures

In this chapter, we study LaAlO3/Eu1-xLaxTiO3/SrTiO3 structures with different

thicknesses of the Eu1-xLaxTiO3 layer and for x = 0 (EuTiO3) and x = 0.1. We

observe that both systems have many properties similar to previously studied

LaAlO3/EuTiO3/SrTiO3 and other oxide interfaces, such as the formation of a 2D

electron gas for 1 or 2 unit cells of Eu1-xLaxTiO3, a metal-insulator transition driven

by the thickness increase of Eu1-xLaxTiO3 layer, the presence of an Anomalous Hall

effect (AHE) when driving the systems above the Lifshitz point with a backgate volt-

age, and a minimum in the temperature dependence of the sheet resistance below

the Lifshitz point in the one-band regime. However, and notwithstanding the likely

presence of magnetism in the system, we do not attribute that minimum to the

Kondo effect, but rather to the properties of SrTiO3 crystal and the inevitable effects

of charge trapping when using back gates.

6

107



6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

6.1. Introduction

Oxide interfaces, mainly based on the SrTiO3 (STO), are systems that have sig-

nificant freedom of manipulating various properties by applying a gate voltage.

Among them, tunable spin polarisation or magnetism, and its signature, the

Anomalous Hall effect (AHE), have been extensively studied in the past decade

in various STO-based structures [78, 91, 96, 132, 133, 135] (also Chapter 3). The

AHE can be completely switched off by a gate voltage. The switch point is strongly

connected to the so-called Lifshitz transition [36], which separates two regimes

with only 3dxy type of orbitals occupied, leading to single band transport, and with

3dxy and 3dxz/yz and the involvement of two bands. The latter regime coincides

with the presence of AHE and, therefore, spin-polarisation [36, 91, 96, 132, 133,

135], whereas the former one a non-spin polarised state where, however, a non-

monotonous temperature dependence of resistance with a pronounced minimum

has been observed. This behavior of the sheet resistance has been attributed to

the Kondo-regime [132, 133]. For STO(001)-based interfaces, it has been proposed

that different coupling between the localized magnetic moments and the 3dxy and

3dxz/yz electrons, due to the different orbital orientation relatively to the interface

plane, can explain various magnetotransport properties of STO-structures, includ-

ing a gate tunable Kondo-like minimum, AHE, and behavior of the in-plane mag-

netoresistance (MR) [90, 96]. Nevertheless, the mechanism for invoking AHE is

still a matter of debate. Some studies find an induced AHE in structures with exter-

nal magnetic delta doping [132, 133], in which case the presence of magnetism

can be readily argued. Others find AHE also in systems without magnetic ions

and suggest a mechanism arising from the properties of the STO [91, 96]. Also

the Kondo-picture proposed by Refs. [90, 96] has been challenged. It was argued

that enhanced spin-orbit coupling (SOC) at low temperature can produce some

features of the in-plane MR which previously have been interpreted in favor of the

picture supporting Kondo behaviour [98].

This work aims to study the gate-tunable magnetic interactions. We choose

as a starting point the first reported delta-doped system, LaAlO3/EuTiO3/STO

(LAO/ETO/STO). This system is reported to be ferromagnetic [132, 139] and to

exhibit both tunable AHE and Kondo-like behavior. Bulk EuTiO3 is an antiferro-

magnetic band insulator [175–181]. The oxidation state of Eu is Eu2+; therefore, Ti

is in the tetravalent state and does not contribute to the magnetization. However,

doping with La will lead to the development of ferromagnetism [145, 192], because

La is in La3+state, and the doping introduces electrons into the conduction band

of the 3d t2g states of the Ti, turning ETO in ferromagnetic metal [145, 192]. In

our work, to understand the role of magnetic doping on magnetic interactions, we
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6.2. Experimental details

also investigated nominally non-magnetic LAO/STO and LAO/Eu1-xLaxTiO3/STO

(LAO/ELTO/STO).

We have prepared a set of LAO/STO samples with and without ETO and ELTO

δ-doping layers and utilized a back gate geometry to study them. We observe that

AHE is stronger in samples with a higher concentration of Eu moments and we

find a transition between tunable AHE and Kondo-like regimes. Nevertheless, un-

like the AHE, the Kondo-like regime seems to be present even in non-doped sam-

ples. We come to the conclusion that gate-tunable Kondo-like resistance behavior

is not a sign of magnetic interactions, but most likely the result of the interplay be-

tween the electron trapping mechanism and the temperature dependence of STO

permittivity, the carrier concentration, and various scattering mechanisms. The

combination of these effects leads to more effective back gating at low tempera-

tures and therefore to an increase in resistance.

6.2. Experimental details

The oxide structures have been grown by Pulsed Laser Deposition (PLD) on TiO2-

terminated (001)-oriented STO. In the literature, two types of targets have been

used to grow ETO, the pyrochlore material Eu2Ti2O7 [139, 147, 148, 272–274], and

the perovskite material EuTiO3 [146, 150, 189, 275]. In this work, we choose to work

with the latter. The PLD targets for ETO and Eu0.9La0.1TiO3 were fabricated from

sintered and pressed powders 1. The LAO target was commercially purchased. The

La doping was chosen at 10% to ensure a significant difference between intention-

ally doped films and unintentional doping due to possible intermixing. Some sig-

nificant optimization of the growth parameters was required. In order to prevent

bulk conductivity of the STO due to oxygen depletion at the high growth tempera-

tures, some oxygen in the PLD chamber is needed, but the oxygen pressure should

not be too high otherwise the ETO and ELTO films turn into an amorphous or form

a pyrochlore structure.

For ETO and ELTO, the laser spot size was fixed at 1.38 mm2. For optimisa-

tion, we used a fixed thickness of 10 unit cells (u.c.) determined from the period-

icity of visible specular beam intensity oscillations using Reflection High-Energy

Electron Diffraction (RHEED). Fig. 6.1a shows the number of visible oscillations

plotted against growth temperature for the laser fluences 1.1 and 1.54 J/cm2. The

maximum number of visible oscillations is 4, in the temperature range 750-800

°C and at a nominal pressure 1×10−4 mbar. Above 4 u.c. thickness, the films re-

1The targets were prepared by Dr. Yingkai Huang at the University of Amsterdam
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

Figure 6.1: (a) Temperature dependence of the visible formation of unit cells extracted from RHEED in-
tensity. If not indicated otherwise, the atmosphere was O2, and the pressure was 1×10−4. (b) RHEED in-
tensity monitoring. (c)-(f) AFM image of surfaces of TiO2-terminated STO, ETO(4 u.c.)/STO, LAO/STO,
and LAO/ELTO(2 u.c.)/STO correspondingly. On the inserts corresponding RHEED patterns after de-
position. Red arrows are guides for the eye. Note on the last insert left RHEED pattern after deposition
of ELTO, the right one after LAO.
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6.2. Experimental details

sult mostly in an amorphous pattern (Fig. 6.8 in the Appendix 6.6), although the

samples grown at 1.54 J/cm2 and 800 °C show some weak signatures of 2D growth

(Fig. 6.8a in Appendix 6.6). Still, 4 u.c. is enough to study delta-doped LAO/STO

structures. Based on the results above, we chose a fluence of 1.54 J/cm2 for ETO

and ELTO. For LAO a growth fluence of 1.3 J/cm2 and a spot size of 1.76 mm2

were used. The temperature was set at 800 °C and the pressure, consisting of a

1:1 mix of Ar:O2, at 1×10−4 mbar. The maximum thickness of Eu1-xLaxTiO3 layer

was fixed at 4 u.c. The following samples were grown (the numeral denoting num-

ber of u.c.’s): LAO(10)/ETO(x)/STO (with x= 2, 3, 4), LAO(10)/ELTO(x)/STO (with

x=2, 4), ELTO(4)/STO, ETO(4)/STO and LAO(10)/STO.

ETO and ELTO show similar growth. The oscillations are clearly visible for

ETO(4)/STO and ELTO(4)/STO samples, as shown in Fig. 6.1b (black and red lines).

The RHEED pattern for ETO(4)/STO shows additional lines at the 1/2 position be-

tween the main lines for films with t > 2 u.c. (insert in Fig. 6.1d); such lines have

been observed for stoichiometric Eu1-xLaxTiO3 films [149]. The STO surface steps

can been clearly seen in the Atomic Force Microscopy (AFM) scan before and after

growth (Fig. 6.1c,d), but the edges became more rough than on the bare STO sur-

face. Moreover, there are island-like features in the topography of the film. During

the growth of LAO, clear oscillations are seen when growing directly on STO (blue

line in Fig. 6.1b). The RHEED pattern shows a transition from 2D growth to 3D

growth (insert in Fig. 6.1e), most likely due to the low oxygen pressure. A clear un-

derlying STO step pattern can be seen in the AFM scan in Fig. 6.1e. This is different

when the LAO layer is grown on ETO or ELTO films. In Fig. 6.1b (green line) the first

two oscillations during LAO growth become less pronounced, and their intensity

decreases with the increase of the ETO or ELTO layer thickness. The thickness of

the LAO layer was determined from the number of pulses for a single period of os-

cillations and, strictly speaking, can vary between 8 and 10 u.c. That variation is not

crucial for the conductivity of LAO/EuTiO3/STO, in contrast to the thickness of the

ETO layer [139]. The LAO layer grown on the ETO or ELTO also shows 3D features

in the RHEED pattern, but the 2D features are more pronounced. The underlying

topography of ETO/ELTO films can still been seen after depositing the LAO layers.

The AFM scans and RHEED patterns for the rest of the films are shown in the Ap-

pendix Fig. 6.9. The magnetotransport properties have been measured in van der

Pauw geometry in a PPMS with home-built insert as described in Chapter 2.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

6.3. Results

6.3.1. Metal Insulator Transition and transport properties

First we show that the behavior of our samples is similar to the ones stud-

ied in Refs. [132, 139]. Both our LAO/ETO/STO and LAO/ELTO/STO show

a Metal-Insulator transition (MIT) as function of E(L)TO thickness around 2

u.c. (Fig. 6.2a), which is in agreement with the results of Ref. [139]. From

now, we will refer to the two conducting samples, LAO(10)/EuTiO3(2)/STO and

LAO(10)/Eu0.9La0.1TiO3(2)/STO, as LAO/ETO/STO and LAO/ELTO/STO respec-

tively. Uncapped ETO and ELTO samples were insulating, which means that La

doping [145, 192] (or La intermixing in the LAO/Eu1-xLaxTiO3/STO) in our films

is not the driving mechanism of the MIT. Furthermore, despite the lower oxygen

content, the conductance of our films cannot be attributed to the conduction due

to oxygen vacancies in the STO surface alone [95]; the LAO layer is essential for

creating the two-dimensional electron liquid. At room temperature, LAO/STO has

a lower sheet resistance RS than LAO/ELTO/STO, which in turn is lower than that

of LAO/ETO/STO. The introduction of the thin sheet of Eu1-xLaxTiO3 also changes

the temperature dependence of RS : the LAO/STO sample exhibits a monotonous

decrease down to 3 K, whereas the delta-doped samples show an upturn below

10 K (Fig. 6.2b). Such a change in RS (T ) has been reported in Ref. [139] and was

attributed to a possible Kondo effect [95, 139].

6.3.2. Magnetotransport properties at zero gate voltage

Before applying gate voltages, we analyze the temperature dependence of the mag-

netotransport properties for the three conducting samples. In LAO/STO, the value

of MR as function of an applied magnetic field out of the plane of the sample con-

tinuously increases with decreasing temperature (Fig. 6.3a). The high values of MR,

around 50 %, and the almost linear shape in high fields below 50 K point to spa-

tial conductance fluctuation (see Chapter 4 or [232–238]). In the doped samples,

the MR behavior is less monotonous; MR increased only up to 10-12% until the

temperature reaches 10 K (Fig. 6.3c,e). Below that temperature, the MR decreases,

tracing the upturn in the temperature dependence of RS .

Below 100 K, the Hall coefficient RH develops a non-linearity in high fields, in-

dicating the onset of two-band transport [36]. Furthermore, below 10 K, there is

also a low-field non-linearity in the magnetically doped samples. This indicates
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Figure 6.2: (a) The thickness dependence of the sheet resistance RS at 300 K. (b) Temperature depen-
dence of RS for conducting samples. In the insert, zoom-in for the low-temperature region.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

Figure 6.3: Magnetoresistance MR at different temperatures indicated by the colors for (a) LAO/STO, (c)
LAO/ETO/STO, and (e) LAO/ELTO/STO. The Hall coefficient at different temperatures (same colors as
in a,c,e) for (b) LAO/STO, (d) LAO/ETO/STO, and (f) LAO/ETO/STO.
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6.3. Results

Figure 6.4: For both the LAO/STO and the LAO/E(L)TO/STO samples, the temperature dependence of
(a) the carrier concentrations ni , (b) the mobilitiesµi , (c) the Anomalous Hall coefficient, and (d) values
of Me f f (filled symbols) and the ratio Me f f /T ratio (open symbols) taken from fitting as described in
the text. Note that ni and µi is given with and without correction for AHE when appropriate.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

the presence of an Anomalous Hall Effect (AHE) [36, 91, 132] (see also Chapter 3).

To analyze the data with respect to carrier densities ni and mobilities µi in the

presence of AHE, we followed the subtraction method described in Chapter 3 as

Method 1. To increase the precision of the fit, we used the derivative of the sub-

traction result to determine the fitting range. The two-band analysis in a regime

without AHE was performed using the fitting of the conductance tensor compo-

nents [37] (also Section 3.3.5). The extracted values for ni ,µi , and for the Anoma-

lous Hall coefficient R AHE
x y , and the effective magnetic moment Me f f are shown in

Fig. 6.4. Also shown are the values for ni ,µi when no AHE is taken into account.

We see that in the one band region, the mobility of the samples roughly follows a

T −2 dependence in the temperature range 150-50 K (Fig. 6.4b). The temperature

dependence above 150 K is often ascribed to longitudinal optical phonon scatter-

ing, and the origin of T −2 mobility dependence is usually attributed to electron-

electron scattering [276, 277]. As was mentioned above, the second band appears

below 100 K. Some unphysical jumps are probably related to the low carrier con-

centration of the second band leading to overestimating (underestimating) the car-

rier concentration (mobility) for both type of carriers. Overall it is clear that the

trend is an increase of µ1,2 towards low temperatures with saturation below 10 K

and a continuous although small decrease of n1. The saturation of the mobility at

a low-temperature limit is most likely due to the interface, to ionized donors, and

to ionized impurity scattering [276]. In the fit without the AHE, with decreasing

temperature we see an increase in carrier concentration and an decrease in mo-

bility for the magnetically doped samples below 10 K. However, when accounting

for the AHE, the fits become consistent with the general trend of LAO/STO. The

AHE grows when lowering the temperature, but we see that the fit parameter Me f f

decreases almost linearly with temperature as can be seen better from the ratio

Me f f /T. This is quite counterintuitive. If Me f f would simply represent the satura-

tion magnetization of a ferromagnetically ordering interface, the trend should be

opposite. Since an ordering temperature of around 10 K is expected, this points

to a different interpretation of Me f f , which may not be surprising, since the AHE

depens on more than the magnetization alone, with SOC to start with. It does not

affect the determination of R AHE
x y and the shape of the function used.

6.3.3. Gate tuning of the Anomalous Hall Effect

We have studied both the temperature and gate dependence of the AHE in doped

samples. First, we consider the behavior of LAO/ETO/STO. All in all, the results

are similar to those of previous AHE studies in the two-band regime in the oxide

interfaces [36, 132, 135, 191]. The Lifshitz point [36] is located near 25 V, carri-
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Figure 6.5: Temperature and back gate voltage dependence of (a-b) carrier concentrations, (c-d) mobil-
ities, (e) Anomalous Hall coefficient for the LAO/ETO/STO sample. (f) Anomalous Hall coefficient for
the LAO/ELTO/STO sample. The color scale for all quantities gives the range of their values.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

ers of the second type appear above that voltage, see Fig. 6.5b. Unlike the carrier

concentration and mobility of the low mobile carriers (Fig. 6.5a,c), the carrier con-

centration and mobility of the high mobile carriers (Fig. 6.5b,d) are less sensitive

to a change in temperature. On the other hand, the change in voltage affects ni

and µi much stronger. The behavior is qualitatively the same for both samples;

numbers for LAO/ELTO/STO can be found in the Appendix Fig. 6.10. The AHE

disappears in the region where two-band behavior is disappearing, as would be

expected in the picture where the AHE is simply controlled by the second type of

carriers [96]. However, R AHE
x y also disappears above 10 K. That can be due to van-

ishing of the magnetization [132], of the spin-orbit coupling (Section 3), or both.

Indeed we see the signature of the weak antilocalization (WAL) indicative of spin

orbit coupling in the low field MR in all samples. For LAO/ETO/STO this is shown

in Fig. 6.6a,b and for LAO/STO and LAO/ELTO/STO in Appendix Fig. 6.11 . Note

that the MR is strongly affected by changes in gate voltage and temperature. At

the same time, the AHE coefficient is higher in the sample with higher Eu concen-

tration. Besides that, the gate voltage and temperature dependence of the AHE

coefficient for LAO/ELTO/STO (Fig. 6.5f) are similar to LAO/ETO/STO.

In STO-based interfaces, the AHE is often attributed to skew scattering [91, 96],

one of the extrinsic mechanism for the AHE [100, 103, 104], in this case in the sec-

ond band [91, 96]. If that mechanism is dominant, the AHE would be sensitive

to changes in the scattering time. As we pointed out, the mobilities and carrier

concentration do not change dramatically with temperature but change with the

back gate voltage. However, we see that the mobility of the second band increases

continuously with gate voltage, whereas the AHE first increases but then enters

a saturation-like regime. To illustrate this, we plot R AHE
x y versus µ2 in Fig. 6.6c.

Again that result is in agreement with [132]. Still, it is unexpected for simple skew-

scattering pictures in the high mobile band, where R AHE
x y would be proportional to

the scattering time, and therefore roughly proportional to mobility (we can ignore

the change of carrier mass because it does not change significantly with back gate

voltage [278]). To shed more light on the mechanism responsible for the AHE, we

performed a scaling analysis of the conductivity by calculating the values for σxx

and σx y , as follows [151]:

σxx = RS

R2
S +R AHE

x y
2 , σx y =

R AHE
x y

R2
S +R AHE

x y
2 , (6.1)

and then plotting them against each other. The results are shown in Fig. 6.6d

for 3 K; the calculated σxx and σx y are plotted in the Appendix, Fig. 6.13, for all

temperatures. We observe that σx y scales with σxx as σx y ≈ σ1.8−2
x y in the region

σxx > 10−3 Ω−1m−1. This exponent is close to the value of 1.6 observed in the scal-

ing of ELTO metal films [151], which is often attributed to the intrinsic contribu-
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Figure 6.6: (a) Magnetoresistance MR with the field out of the plane at back gate voltages as indicated
for LAO/ETO/STO at 3 K. (b) MR for LAO/ETO/STO at VBG = 75 V . (c) R AHE

x y versus µ2 for both mag-
netically doped samples. (d) A plot of the conductances σx y versus σxx at 3 K to investigate Scaling
behavior. (e) Temperature and back gate voltage dependence of the normalized Anomalous Hall coef-
ficient R AHE

x y for the LAO/ELTO/STO sample.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

tion to the AHE, suppressed by the disorder. Nevertheless, the meaning of scaling

is somewhat limited because it corresponds to the saturation-like region, where

R AHE
x y changes less significantly than the decrease of the sheet resistance. More-

over, the interpretation of conductance scaling is often based on the ferromagnetic

two-dimensional Rashba model [111, 116], where the scaling results were obtained

for fixed Rashba constant. However, besides the more complex band structure in

the STO-based interfaces, the Rashba constant modified with gate voltage [5, 48],

as in our case can be seen from the tunable WAL effects.

A final note concerns the behavior of the fitting parameter Me f f in the extrac-

tion of R AHE
x y . As seen in Appendix Fig. 6.12a,c, it shows enhancement in regions

where the AHE vanishes, for instance at temperatures above 8 K and in the gate

voltage range below 25 V. Most likely, the hyperbolic tangent function becomes in-

adequate to describe the almost flat curve. Furthermore, in most of VBG −T space,

the ratio Me f f /T is only weakly temperature-dependent (Appendix Fig. 6.12b,d).

Still, the point to keep in mind is that we observe the AHE in the temperature-

voltage regime where the earlier studies found magnetism. A better way to estab-

lish the behavior of magnetization could be the study of the temperature depen-

dence of the ratio R AHE
x y /R AHE

x y (3 K) because it is proportional to the temperature

dependence of MS /MS (3K ) as long as carrier concentration and mobilities do not

change significantly. In Fig. 6.6e, we plot R AHE
x y /R AHE

x y (3 K) at gate voltages above

Lifshitz point. The ratio increases with temperature, but we do not see saturation

as in Ref. [132] (note that the way in which R AHE
x y is extracted in Ref. [132], by sim-

ple linear extrapolation, is different from ours). The temperature dependence of

R AHE
x y /R AHE

x y (3 K) changes from linear at 25 V to upward curving at higher voltages.

Still, as it shows a clear increase from roughly 0, it can be a signature of ferromag-

netic behavior.

6.3.4. The Kondo regime in resistance

By decreasing the gate voltage below 25 V, where the AHE and the second band

carrier concentration fall to zero in the magnetically doped samples, we observed

the development of a minimum in the temperature dependence of the sheet resis-

tance (Fig. 6.7a,b). That particular feature in the temperature dependence is often

attributed to Kondo-like behaviour [132], which might well be connected to the

magnetism of the doping layers. However, and surprisingly, we see similar behav-

ior in nominally non-doped LAO/STO samples (Fig. 6.7c), where we do not observe

AHE. It is an intriguing observation because the variation of magnetic content sig-

nificantly affects the spin-polarized phase of the 2DEG, where the moment was ar-

gued to be ferromagnetically coupled with 3dxz/yz electrons but seems not to have
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Figure 6.7: Temperature dependence of the sheet resistance RS at different gate voltages as indicated
for (a) LAO/ETO/STO, (b) LAO/ELTO/STO, and (c) LAO/STO. (d) RS (T ) for all three samples measured
at −100 V, (e) carrier concentration, and (f) mobility at −100 V for all three samples.
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6. On a possible Kondo effect in LaAlO3/Eu1-xLaxTiO3/SrTiO3

any qualitative effect on the Kondo-like regime, where moments has been argued

to be antiferromagnetically coupled with 3dxy electrons [90, 96].

To understand the nature of this behavior, we measured the temperature depen-

dence of the sheet resistance RS (T ) for all three samples at -100 V and performed

magnetotransport measurements during cooldown at a few temperatures in order

to find carrier concentrations and mobilities at this gate voltage. As can be seen in

Fig. 6.7d, the samples show differences values of the sheet resistance but follow the

same trend with a minimum around 30-40 K and saturation-like behavior below

10 K. The extracted carrier concentrations (Fig. 6.7e) from the magnetotransport

data showed a constant decrease in carrier density with decreasing temperature.

This is similar to the behavior of the carrier concentration of the low mobility car-

riers without back gate voltage, but here it is also observed for the high mobility

carriers, and especially strong below 10 K. At the same time, the mobility (Fig. 6.7f)

increases at first with decreasing temperature, but below 40 K saturates, in a sim-

ilar way to the temperature dependence without applied back gate voltage, and

can be described the same scattering picture. Important to note is that the change

in the temperature dependence of the mobility happens around the temperature

corresponding to the minimum in the sheet resistance.

6.4. Discussion

The results shown here are consistent with studies of LAO/ETO/STO in Ref. [132,

139, 191]. The same as in the earlier studies, we observe the MIT, the tunable AHE,

the appearance of a resistance minimum and also WAL behavior. The AHE is the

possible signature of ferromagnetism. Indeed, XMCD data seems to support that

picture [132, 139]. Nevertheless, bulk ETO is an antiferomagnet [175–181]. It is

also isostructural to STO, and, therefore, stoichiometric ETO should remain anti-

ferromagnetic, when grown on STO [152]. At the same time, experiments revealed

that antiferromagnetism only occurs for post-annealed PLD films [147, 148], and

films grown by MBE [152]. Here we used PLD films without annealing, which can

become ferromagnetic [147, 148, 189] because of either the formation of oxygen

vacancies [147] or a longer out-of-plane lattice constant [148]. Amorphisation of

ETO will also lead to the ferromagnetism [190], but in the films we studied, we do

not observe, from the RHEED patterns and the intensity variations, signatures of

amorphization in the films with thickness below 4 u.c. The doping with La [145,

151, 192] or oxygen deficiency [151] can also turn ETO into a ferromagnetic metal.

However, the observed MIT and its weak sensitivity to the La content indicate that

the occurrence of the AHE has a more complicated background than just due to
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ferromagnetism induced by off-stochiometry in the ETO layer. Ref. [91] observed

variations of the AHE with changes in the oxygen pressure used during the growth

and proposed an indirect connection between the AHE and magnetism induced

by Sr vacancies rather than with external magnetic moments, including Ti3+ in-

duced by oxygen vacancies. However, we used the same growth pressure for the

non-doped LAO/STO sample and LAO/E(L)TO/STO, so the variation of Sr vacan-

cies should not be too high from sample to sample. With increasing Eu content, we

observe an increase of the AHE magnitude contrary to Ref. [91]. Refs. [90, 96] pro-

posed a ferromagnetic coupling of 3dxz/yz with localized magnetic moments such

as Ti3+ formed due to oxygen vacancies. That indeed can explain the observation

of AHE above Lifshitz point, since skew-scattering of 3dxz/yz carriers seems to be a

dominant contribution to the AHE in oxide interfaces in the two-band regime [91,

96, 132, 133]. Nevertheless, it appears to be not straightforward to explain our re-

sults on the tunable AHE. First, the AHE coefficient does not scale linearly with

mobility of high mobile carriers. Second, and probably more importantly, our non-

doped LAO/STO sample does not exhibit an AHE, despite the presence of 3dxz/yz

carriers. All in all, there are certainly multiple ways to induce magnetization and

AHE, but in our samples magnetic doping is the main one.

In the framework of magnetic doping, we have further indication indication

that the picture of magnetic interactions based purely on the symmetry of orbitals

does not hold, specifically from the data in the negative gate voltage range, where

the AHE vanishes. The authors of Ref. [90, 96] argued that the coupling between

mobile 3dxy electrons and localized magnetic moments is antiferromagnetic.

Strong support of this picture came from the behavior of the negative in-plane

MR. Above the Lifshitz point, the observed large drop of (negative) in-plane

MR was attributed to the destruction of Kondo-screening and polarisations of

magnetic moments with applied field [90, 96, 97]. However, that picture was

challenged by Diez et al. [98] who found that the negative in-plane MR survives

up to 20 K, opposite to the expectations from the temperature-dependent Kondo

picture. Furthermore, single-particle Boltzmann transport theory was sufficient

to reproduce the large negative MR by taking into the account finite-range elec-

trostatic impurity scattering, the anisotropic Fermi surface above the Lifshitz

transition and the SOC.

In this work, we also further challenge the Kondo picture. The experiments on

the LAO/STO interface performed in Ref. [99] showed that the resistance minimum

could be controlled by applying hydrostatic pressure. They concluded that impu-

rity scattering, the pressure, and the temperature dependence of the STO dielectric

constant plus thermally activated charge trapping are the mechanism responsi-
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ble for the resistance minimum. Although we studied the back gate voltage de-

pendence of the sheet resistance in this work, our result can be interpreted in a

somewhat similar manner. At negative gate voltages, the carrier concentration de-

creases in the whole temperature range, but down to 40-50 K the mobility enhances

due to a decrease of electron-electron scattering. Taken together, that is the rea-

son why we observe a decrease in the resistance down to a minimum temperature.

However, with a further decrease in temperature, the change in mobility is much

less steep due to various scattering mechanisms coming into play, as discussed in

Sec. 6.3.2. Simultaneously, the decrease of the carrier concentration is continuous

and especially pronounced for the high mobility carriers. It is not surprising then

that in this region the sheet resistance starts to grow again.

Two mechanisms are responsible for the decrease in the carrier concentration.

One is charge trapping [54, 55], which is less effective at high temperatures than

at low temperatures. Second and probably dominant here is the complex behav-

ior of the electric permittivity of the STO single crystal substrate at low tempera-

tures. Indeed, at high temperatures above 40 K, the permittivity hardly changes

with the applied electric field, but it does change significantly at lower tempera-

ture [279–281]. It means that the effect of back gating will be significantly more

efficient in the low-temperature region. Furthermore, it is well known that back

gate experiments significantly affect the carrier concentration of the second type

of carriers [36, 59] at low temperatures. Below 10 K, a back gate voltage depletes,

or almost depletes, the second band; therefore the saturation-like behavior in this

range can be explained by the much weaker change in the mobility and carrier

concentration of the low mobile carriers with temperature. Note, that our results

do not exclude a possibility to induce the Kondo effect at the LAO/STO interface,

but only indicate that in the back gate geometry, other effects are dominant and

responsible for the resistance minimum in the temperature dependence when it

occurs after the application of a gate voltage.

6.5. Conclusion

In conclusion, we have studied the LAO/STO interface with and without an in-

serted magnetic delta-doping layer of Eu1-xLaxTiO3 . Our experimental results are

partially in agreement with previous research on these structures [132, 139, 191].

We observe that, despite the substitution of Lanthanum for Europium, the MIT

happens at 2 u.c. Moreover, the AHE is indeed induced by inserting the 2 u.c. of

ETO or ELTO, and can be gate tuned. Furthermore, as an important part of our

message, we find that the minimum in the sheet resistance as function of tem-
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perature, found at negative back gate voltages, and which previously has been at-

tributed to Kondo-like behavior, rather arises from the behavior of the the carrier

concentrations and mobilities of both conduction bands, and is most probably due

to spinless scattering mechanisms, charge trapping, and the complex temperature

and electric field dependence of the STO permittivity.
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6.6. Appendix

Figure 6.8: RHEED pattern after deposition of ELTO at different laser fluences F and oxygen/argoon
pressures; (a) F = 1.54 J/cm2, PO2 = 1× 10−4, T = 800 °C (dotted lines are guides to the eye) and (b)
F = 1.1 J/cm2, P Ar+O2 = 1×10−4, T = 750 °C.

6

126



6.6. Appendix

Figure 6.9: Atomic Force Microscopy (AFM) images of various sample surfaces after growth. The nu-
merals denote the number of unit cells. (a) ELTO(4)/STO, (b) LAO/ELTO(4)/STO, (c) LAO/ETO(2)/STO,
(d) LAO/ETO(3)/STO, and (e) LAO/ETO(4)/STO. RHEED patterns after deposition (f) ELTO(4)/STO, (g)
and (h) LAO/ELTO(4)/STO for ELTO and LAO layers, respectively; (i) and (j) LAO/ETO(2)/STO for ETO
and LAO layers respectively; (k) and (l) LAO/ETO(3)/STO for ETO and LAO layers respectively; (m) and
(n) LAO/ETO(4)/STO for ETO and LAO layers, respectively.
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Figure 6.10: Temperature and back gate voltage dependence of (a-b) carrier concentrations and (c-d)
mobilities for the LAO/ELTO/STO sample. The color scale for all quantities gives the range of their
values.

Figure 6.11: Magnetoresistance MR with the field out of the plane at various back gate voltages as indi-
cated for (a) the LAO/ELTO/STO sample and (b) the LAO/STO sample at 3 K.
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Figure 6.12: Temperature and back gate voltage dependence of the fit parameter Me f f for (a-b) the
LAO/ETO/STO sample and (c-d) the LAO/ELTO/STO sample.
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Figure 6.13: Plot of σx y versus σxx for the LAO/ETO/STO sample in order to analyze conductance
scaling. Note that trend of a decrease of σx y with increasing temperature is followed poorly in the
region σxx < 8×10−4 Ω−1 m−1.
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